Erosion strongly influences the soil properties and affects the intra-field variation of nutrients not only in steep young morainic landscapes but also on gentle slopes of old-glacial landscapes. The aim of the study was the evaluation of changes in the plant-available nutrient contents in the complex old-glacial eroded landscape of the Bielska Plain in the north-eastern part of Poland. The soil samples were collected from the soil profiles located along the transect beginning on the flat summit of the kame hummock extending through south-facing convex slope, the toeslope and footslope and further through the north-facing uniform slope. The content of plant-available forms of phosphorus (P dl ) and potassium (K dl ) and mineral forms of nitrogen were determined in every soil profile. The soils located in various landscape positions were characterized with different fertility. In the soil located on the toeslope the content of NO 3 -N, P dl and K dl was high, while the soil located on the summit was rich in NH 4 -N and poor in the plant-available forms of K and P. The erosional distribution of plant-available N, P and K enhances the variation of nutrient content within one field and contributes to high variability of crops.
INTRODUCTION
Erosion is one of the key problems in agriculture causing severe degradation of soil, which is the most important natural resource for food production. In Europe, the water-induced erosion generates the soil loss of 970 Mt per year with mean annual rate of 2.46 t·ha -1 ·yr -1 [Panagos et al. 2015 ] and 115 million hectares (12%) of Europe's total land area is affected by this process [EC, 2006] . Poland contributes 2.92% to the total soil loss in European Union (EU) with an average annual rate on arable lands as high as 1.61 t·ha -1 ·yr -1 [Panagos et al. 2015] . Globally, on agricultural land, the water erosion rates are equal to 10.6-109.2 t·ha -1 ·yr -1 on bare land, 3.9-41.8 t·ha -1 ·yr -1 on cropland, 23.5 t·ha -1 ·yr -1 in orchards and 0.3-3.6 t·ha -1 ·yr -1 on grasslands [Xiong et al. 2019 ]. The water erosion depends on the geomorphological features such as slope steepness, length and shape; soil susceptibility to erosion; climate factors such as precipitation amount, intensity, frequency [Blanco-Canqui, Lal 2008 ] and the human activities such as land use change, deforestation, overgrazing, agriculture intensification [Panagos et al. 2016] .
Another important process of erosional degradation and transformation of soils is tillage erosion with the rate estimated between 3.0 and 9.0 t·ha -1 ·yr -1 [Ver heijen et al. 2009 ]. In the past few decades there has been a shift from the water-dominated to tillage-dominated erosion processes in the agricultural areas, reflecting the increase in mechanized agriculture. The tillage operations generate soil loss of 15-600 t·ha -1 ·yr -1 [Blanco-Canqui, Lal 2008 ] and its rates on undulating areas are similar to those of water erosion [Van Oost et al. 2006 ], while on hummocky landscapes tillage erosion may be a dominant process of soil translocation [Li et al. 2008 ]. The tillage erosion gradually translocates the soil along the slope during tillage operations and leads to a net downslope displacement of soil, even if upslope and downslope tillage directions are implemented [Govers et al. 1999 ]. Tillage erosion may cause a serious degradation of soils in sloping cultivated landscapes. The tillage erosion rates result from landscape features, soil condition and tillage type, depth, speed and orientation in relation to the slope [Vieira, Dabney 2011] . Tillage and water erosion both contribute to the modification of agricultural landscapes and soils through the removal of topsoil and deposition of eroded material in the depressional sites or its removal to the surface waters as it may happen in the case of water erosion. However, the tillage erosion diminishes the topsoil of hillslopes where water erosion is minimal and deposits material in thalwegs where water erosion is high [Govers et al. 1994] .
Erosion strongly influences the soil properties, especially in complex landscapes where surface cation exchange, water-holding capacities and soil organic carbon (SOC), total nitrogen (TN) and total phosphorus (TP) concentrations are higher in depositional areas, comparing to the eroded parts [Wysocka-Czubaszek 2012; Wysocka- Czubaszek et al. 2018 ]. Soil erosion depletes the SOC stock in arable land and deposits SOC in aquatic ecosystems or in depressional sites where its labile forms may be subjected to decomposition, which leads to the emission of carbon dioxide (CO 2 ) under aerobic conditions and methane (CH 4 ) under anaerobic conditions. Moreover, the breakdown of aggregates during detachment, splash, transport and redistribution of soil may also expose SOC to microbial processes and release it in gaseous form [Lal 2019 ]. Soil truncation and nutrient depletion reduce the soil fertility and crop yields. Globally, soil erosion causes a reduction of agri-food production by 33. Thus, the objective of this study is the evaluation of changes in the plant-available nutrient contents in the complex old-glacial eroded landscape.
MATERIALS AND METHODS

Study area
The study was conducted on the arable field which covered 6.22 ha and was located nearby The field has been subjected to organic farming practices for the last 15 years. Oat and potatoes with clover as a cover crop have been prevalent crops for last years. The soils are fertilized with horse manure. The tillage operations in the field are performed along the slope gradient, which is a typical tillage direction in this region. The studied transect had a length of 250 m with elevations of 137.5 to 142.5 m a.s.l. and extended from the flat summit of the kame hummock through southfacing convex slope with average angle of 7.6%, the toeslope and north-facing uniform slope with average angle of 5.6% to the summit of next kame hummock ( Figure 2 
Soil sampling and analysis
The soil sampling was carried in November 2014. The soil samples were collected from 5 soil profiles located along transect. In each profile, the disturbed soil samples of 1 kg mass were collected from every morphologic soil horizon. In total, 27 soil samples were taken. The analyses of soil chemical properties were performed using the standard procedures. Prior to the analyses, roots and coarse plant debris were removed from the soil samples by hand. The soil moisture of fresh soil samples was determined immediately after collecting and transporting them to the laboratory by oven drying the samples at 105 o C until they reached a constant mass. The air-dried soil samples were homogenized and sieved through a 2-mm mesh to separate the fine fraction and remove gravel. The inorganic nitrogen (NH 4 -N and NO 3 -N) was extracted on 10 g soil sample with 100 mL of 1% K 2 SO 4 for 24 h and the concentrations of NH 4 -N and NO 3 -N were measured by UV-1800 spectrophotometer (Shimadzu, Japan) in filtrates. The plant-available phosphorus (P dl ), after extraction with calcium lactate solution, was determined with the ammonium metavanadate method using UV-1800 spectrophotometer (Shimadzu, Japan), and the plant-available potassium (K dl ), after extraction with calcium lactate solution, was analyzed using flame photometry (BWB Technology, USA).
RESULTS
The soils located in various landscape positions were characterized with different fertility. The NO 3 -N concentration in the profiles ranged from 0.186 to 7.352 mg·kg -1 . The highest NO 3 -N content (7.352 mg·kg -1 ) was found in the Ap horizon of the Haplic Cambisol (Eutric) located on the toeslope (profile 3). The soils located on the south-facing slope were characterized with overall higher amount of NO 3 -N comparing to the soils on the north-facing slope. The NO 3 -N distribution in the soil profiles is shown in Figure 4a . The N content in the form of ammonium was higher than that in the form of nitrate and ranged in profiles from 3.46 mg·kg -1 to 12.44 mg·kg -1 . The content of NH 4 -N in the whole profile was the highest in the Haplic Luvisol located on the flat summit (profile 1) of the kame hummock. The NH 4 -N content of the Ap horizon of this soil was equal to 6.34 mg·kg -1 while in other studied soils, the content of this N form ranged from 4.11 mg N kg -1 in the Haplic Luvisol (profile 5) on the shoulder of north-facing slope to 5.60 mg N·kg -1 in the Haplic Cambisol (Eutric) located on the toeslope (profile 3). The soils located in other positions of the slope were characterized with a similar overall NH 4 -N content (Figure 4b) . In most profiles, the NH 4 -N concentration was uniform along the increasing depth, except the Haplic Luvisol on the summit (profile 1) where the highest NH 4 -N content was observed in the argic (Bt) and underlying transitional (BC) horizons. In the Haplic Cambisol (Eutric) located on the toeslope (profile 3) the NH 4 -N content was the highest in the cambic horizon (Bwb) of the buried Cambisol.
The P dl concentration was, according to the Egner-Riehm limit values, low in the Ap horizons of most soils and ranged from 23.35 mg kg -1 in the Haplic Luvisol located on the summit (profile 1) to 40.87 mg·kg -1 in the Haplic Cambisol (Eutric) located on the footslope (profile 4). The concentration of P dl in the Ap horizon of the Haplic Cambisol (Eutric) located on the toeslope (profile 3) was the highest (71.21 mg·kg -1 ) and was moderate, according to the Egner-Riehm limit values. The P dl content decreased with depth in all profiles; however, in the Haplic Cambisols (Eutric) (profile 4) increased in humic and underlaying horizons of buried soil and then declined in parent material (Figure 5a ).
The K dl content was, on the other hand, high in most of the Ap horizons and ranged from 144.75 mg·kg -1 in the Haplic Luvisol (profile 5) located on the shoulder of the north-facing slope to 210.07 mg·kg -1 in the Haplic Cambisols (Eutric) located on the footslope (profile 4). In both lower positions, the K dl content in the Ap horizons was very high, according to Egner-Riehm limits. In the soils located on the south-facing slope it was high, while in the soil located on the shoulder of the north-facing slope, it was moderate. The K dl distribution along the profile was similar for the soils on the south-facing slope and decreased with the depth from 147.70 mg·kg -1 and 130.81 mg·kg -1 to 18.51 mg·kg -1 and to 2.83 mg·kg -1 for the Haplic Luvisol and the Haplic Regosol, respectively (Figure 5b ). In the Haplic Luvisol (profile 5) located on the shoulder of the north-facing slope, the K dl content decreased with depth, except for the argic (Bt) horizon where the increase to 60.22 mg·kg -1 was observed. Even though both Haplic Cambisols (Eutric) were characterized by very high K dl in the Ap horizon, the distribution of plant-available K differed between these two profiles. In the soil located on the toeslope (profile 3), the K dl content decreased along the depth from 182.31 mg·kg -1 in the Ap horizon to 0.83 mg·kg -1 in the cambic horizon of buried Cambisol with small increase in the parent material. In the soil located on the footslope (profile 4) the K dl content declined from 210.07 mg kg -1 in the Ap horizon to 2.82 mg·kg -1 in the luvic horizon of buried Luvisol, then increased to 23.74 mg·kg -1 in the argic horizon of this buried soil and again decreased in the parent material to 18.22 mg·kg -1 .
DISCUSSION
The previous studies conducted on the same arable field revealed the truncation of soils located on the south-facing shoulder of the slope and material deposition on the toeslope. Soil redistribution in one arable field with complex topography led to the nutrient and SOC depletion in the soils located in the upper parts of the slope and accumulation of TN, TP and SOC on the toeslope. Indeed, the moisture in the Ap horizon in the soil located on the summit was equal to 7.79%, in the soil located on the south-facing slope it was equal to 3.15% while in the toeslope it was equal to 18.13%. This higher moisture, together with increased SOC might be the reason of faster nitrification rates [Cavalli et al. 2017] which resulted in increased NO 3 -N concentration with rather slight rise of NH 4 -N content in the soil located in the toeslope position.
Differentiation of profile structures together with
The vertical distribution pattern of P dl in soil profiles is related to the decreasing content of plant and animal debris in soil [Xu et al. 2014 ]. Application of organic fertilizers only increased P dl in the Ap horizons; however, low status of P dl is in contradiction with Sharpley et al. [2004] who stated that organic fertilizers were able to increase P dl to the greater extent than mineral P fertilizers due to large amounts of available P. In manure more than 70% of P is in inorganic form and therefore it becomes plant-available after application [Eghball et al. 2002] . The increased content of P dl in the deeper parts of profiles located in the toe-and footslope indicates the buried soil covered with deposits moved from the upper parts of slopes by water and tillage erosion. The higher P dl content in the Ap horizons of the soils located in the lowest positions is also the evidence of erosional processes in the area. Topography has a major influence on the P dl spatial distribution by affecting the runoff and erosion, which are the dominant processes, leading to P redistribution in the landscape [Xu et al. 2014 ].
Similar findings for TP in the studied area were reported by Wysocka-Czubaszek et al. [2018] who observed TP enrichment of soils on the toeand footslope. The results of this study are also in a good agreement with Zhang et al. [2008] who reported erosional spatial distribution of P in the hilly landscape.
The plant-available K content in the Ap horizons of all soils was very high due to fertilization with horse manure which was characterized by much higher K content (9.0 kg K 2 O t -1 ) comparing to the cattle manure (6.5 kg K 2 O t -1 ) [Maćkowiak, Żebrowski 2000] and was available for plants nearly in 100% [Eghball et al. 2002] . The increase of K dl in the soils located in the toe-and footslope positions is in a good agreement with Li et al. [2012] . Nevertheless, the results of this study are contrary with Zhang et al. [2012] who observed the highest K dl value at the backslope position; however, the differences in K dl along the slope were insignificant.
Organic farming is perceived as an alternative to the conventional farming system because it has better influence on the environment [ [Feber et al. 2015] , and reduction of nitrate in ground and surface water [Tuomisto et al. 2012 ]. However, the overall environmental impact of organic farming is far more positive than conventional farming, in the case of energy efficiency, the emission of greenhouse gases and erosion the results of organic farming performance are inconsistent [Lee, Choe 2019 ]. According to Arnhold et al. [2014] organic farming alone cannot effectively control erosion on row crop fields; however, recent conversion to organic farming on silty soils improved the aggregate stability and consequently reduced soil erosion [Morvan et al. 2018 ]. Therefore, other erosion controls should be implemented in addition to typical for organic farming agricultural practices which are also perceived as erosion prevention such as organic fertilizers applications, catch crops and intercropping.
One of the most common and cheapest soil erosion controls is tillage perpendicular to the slope; however, in a very complex landscape, very often it is difficult or even impossible to operate the tools and keep this direction constantly. Even contour farming characterized with tillage operation performed along lines of consistent elevation may be difficult to perform due to the technical reasons. Short slopes, small hummocks and depressional sites in between create the landscape in which such agricultural techniques may not be possible. Therefore, other erosion controls may be more effective. Cover crops combined with reduced tillage may be a good option for organic farming to reduce erosion in complex landscape. Cover crops are established with conventional tillage and then terminated with a roller-crimper and follow by cash crop no-till seeding into the cover crop mulch which provides weed control without herbicides or tillage [Halde et al. 2015 ]. Micro-basin tillage is one of soil conservation practices which involve preparing individual block of earth along the furrows to retain the surface runoff by increasing the infiltration, rainfall use efficiency and soil water content. Therefore, the soil loss can be effectively controlled by micro-basin tillage and thus may enhance the crop yield [Sui et al. 2016 ].
The differences in the plant-available nutrients in complex landscape like the study area may be compensated through precision agriculture (PA) which is based on observation, measurement and response to inter and intra-field variability of soil quality or crops yield. PA is mostly advanced in the farms with large field size and is an expensive system introducing global position system (GPS), geographical information system (GIS) and other technologies to agricultural management. The high prices of PA, complexity of eroded landscape and small fields may create some difficulties. Precision fertilization with organic fertilizers is also difficult because organic fertilizers are not as well defined and predictable as the mineral ones [Rütting et al. 2018 ] and create technical problems with precise application on various parts of the field.
New organic fertilizers, such as digestate which is a by-product of biogas production, can be considered more useful in precision fertilization because digestate can be spread or injected with trailing hose like slurry to the soil. In mixed organic farming, the biogas production and digestate utilization as fertilizer fits in the idea of eco-friendly food production through reduction of greenhouse gases (GHG) emissions. The application of digestate on the field also promotes low GHG emissions [Czubaszek 2019 ]; however, intensive mineralization of digestate after its application may not give the expected effects in terms of soil protection and its enrichment in organic matter ].
CONCLUSIONS
The plant-available forms of N, P and K are unevenly distributed in complex landscape within one arable field as an effect of soil translocation through water and tillage erosion. The soil location in various slope positions also affects the nutrient distribution along the profiles. The soils on toe-and footslope are rich in P dl and K dl , while higher NO 3 -N content results from higher moisture which is beneficial for nitrification processes. The increased content of available N, P and K in deeper horizons of soils located in the depressional site results from buring the original soil with the material dragged and washed from the upper parts of the slope. Tillage and water erosion contribute to the higher variability of nutrients within one field in the complex landscape, which may result in inefficiently used nutrient-rich soils occuring in the mosaic of poorer soils.
